Amphibians represent the prime example of the modern biodiversity crisis since they are the most threatened and rapidly declining vertebrate group, disappearing from different habitats on a global scale[@b1][@b2]. Competition with alien species, increased ultraviolet radiation, global warming, emerging infectious diseases, habitat loss due to land use changes and pollution are discussed as potential stressors[@b3][@b4][@b5][@b6]. With the clearing and conversion of grasslands and forests, agricultural area has become one of the largest terrestrial biomes on Earth, occupying more than 40% of the land surface[@b7], representing an essential habitat for amphibians. However, croplands in particular receive high chemical inputs to control pests, weeds and fungal infections leading to pesticide exposure, which could be another driver for the observed amphibian decline[@b8][@b9]. In contrast to birds and mammals, for amphibians to date no specific risk assessment is required for the registration of a new pesticide product. However, negative effects of pesticides on amphibians are probable since their skin is highly permeable to allow gas, water, and electrolyte exchange with the environment. Indeed dermal uptake processes of chemicals have been shown to be two orders of magnitude faster than in mammals[@b10], suggesting that for terrestrial amphibian life stages present in crop fields pesticide uptake through the skin might represent a likely exposure route[@b11]. Furthermore, with a life cycle that encompasses aquatic and terrestrial phases as well as migrations to and from spawning waters, amphibians are exposed to toxicants in two environments[@b12][@b13]. Aquatic environments receive pesticide inputs by un-intended pollution events where minute amounts enter water bodies by spray drift or run-off. This results in known pesticide effects on larval stages including endocrine disruption by atrazine[@b14] and increased mortality from environmentally relevant glyphosate exposure[@b15]. Terrestrial habitats like crop fields or fruit orchards on the other hand receive intentional pesticide applications at full rates. Although pesticides exposure of terrestrial amphibian life stages migrating and foraging in agricultural fields is likely[@b5][@b16], data on effects are scarce and of limited use for risk evaluation[@b11] as requested from EU authorities in the renewal process of the legislation on pesticide regulation[@b17]. A recently published summary report on the toxicity of pesticides to amphibians commissioned by the European Food Safety Authority identifies considerable research needs especially in the area of terrestrial exposure and effects[@b13].

To fill this knowledge gap, we studied the effects of seven pesticides (four fungicides, two herbicides and one insecticide) on juvenile European common frogs *(Rana temporaria)* in an agricultural overspray scenario. Juvenile frogs were exposed to three application rates (the recommended maximum label rate, 0.1× and 10× the label rate, rate: amount of pesticide per area) on moist soil. Since amphibians come into contact with pesticide formulations instead of pure active ingredients, we tested ready formulated products containing additives. We included the pyraclostrobin formulation Headline, a fungicide with the main formulation additive solvent naphta (67%), demonstrated to be highly toxic for *Bufo cognatus* juveniles[@b18], as a positive control. We added a different, unregistered formulation of pyraclostrobin with a lower solvent naphta content (\<25%) to evaluate the effect of formulation additives versus the active ingredient and selected five additional products from the common pesticides for cereals and orchards in Germany or Switzerland.

Results
=======

Acute mortality ranged from 100% after one hour to 40% after seven days at the recommended label rate of currently registered pesticide products ([Fig. 1](#f1){ref-type="fig"}).

Since mortality reached 100% at the label rate applications for the fungicides Headline and Captan Omya, the higher 10× label rate treatment was not assessed to reduce animal testing. Similar levels of mortality, ranging between 40--60%, were observed for the other tested commercially available products. Three products showed a mortality of 40% after seven days at the lowest rate tested (10% of the label rate). The recorded mortality after 7 days for juvenile European common frogs differed largely between the two pyraclostobin formulations. Whereas the commercially available Headline formulation caused 100% mortality just after 1 h at the label rate, the formulation with the lower naphta content (BAS 500 18F) revealed 20% mortality at the label and 10× label rate.

Discussion
==========

Effects were not restricted to a specific class of pesticides and seem to be influenced not only by the active substance but also the formulation additives. Both pyraclostrobin formulations contained the same amount of active chemical but differed in the content of the main formulation additive of solvent naphta (67% versus \<25%). Mortality dropped from 100% in the high naphta product to 20% in the formulation with the lower solvent naphta content, indicating that other chemicals in the formulation may play a major role in the effect size of pesticides. Our test species, the European common frog *Rana temporaria*, is more sensitive to Headline compared to *Bufo cognatus* an American toad species that revealed a mortality of 70% after 72 h[@b18] presumably due to skin properties that differ between toads and frogs.

Unlike in larval stages, where development is affected and deformities are observed[@b14][@b15], environmentally relevant pesticide exposure of terrestrial life stages resulted in direct mortality in our study. The observation of acute mortality in a vertebrate group caused by commercially available pesticides at recommended field rates is astonishing since 50 years after the publication of Rachel Carson\'s *Silent Spring*[@b19] one would have thought that the development of refined risk assessment procedures and our growing understanding of environmentally effective chemicals would make such effects virtually impossible. Differences in the formulation additives revealed a great influence on toxicity, indicating the need to expand the evaluation from active chemical ingredients to entire products. However, it will be difficult to understand the role of additives since in many formulated products the exact chemical composition is not declared and percentages of additive chemicals are only indicated as 'proprietary ingredients'.

We studied a 'realistic worst-case' exposure scenario for single pesticides with direct overspray on a natural soil substrate. Although interception by crops may reduce exposure, repeated pesticide applications in a growing season might result in multiple contacts with a variety of products. Also, modeling approaches suggest that factors influencing juvenile and adult survival are most significant for the persistence of amphibian populations, and a 40% annual mortality is expected to cause a substantial decline[@b20].

The most toxic compound in our study, the top-selling fungicide Headline, is currently applied on 90 different crops from wheat in Canada to soy-beans in Argentina and its use may increase further due to proclamations of increase in crop yield and attractive discounts[@b21]. At present, several thousand pesticide products are registered globally and more than 2.3 million tons are applied on a major proportion of the land surface each year[@b22]. The demonstrated toxicity at recommended label rates of the few tested registered products resulting in mortality from 40% to 100% after seven days for juvenile European common frogs is alarming. Additionally, 40% mortality was observed for three registered products at 10% of the recommended label rate and therefore large-scale negative effects of terrestrial pesticide exposure on amphibian populations seem likely. Thirty-two of the 75 amphibian species occurring in Europe are associated with arable land according to the IUCN[@b13] and for some species movements in this landscape coincide with pesticide applications[@b13][@b16]. Especially amphibians that migrate to aquatic spawning habitats reveal high population declines[@b5][@b23] and pesticides might be a major threat for these species when crossing agricultural areas. Pesticide effects on terrestrial life stages of amphibians are so far not accounted for in amphibian conservation strategies where currently disease is discussed as a key factor[@b24]. We suggest that pesticides effects in cropped areas should be incorporated in landscape scale analyses for conservation management of amphibians.

Our results also indicate that existing risk assessment procedures for pesticide regulation are not protecting amphibians. Since amphibians are considered sentinel species for environmental and human health[@b25], our results might even have implications for other taxa or entire ecosystems. It is therefore imperative to understand the underlying mechanisms of the toxicity of pesticides for amphibians to obtain a realistic estimate of the extent of their impact and to reconcile agricultural practice and amphibian conservation efforts.

Methods
=======

Ethics statement
----------------

The experiments described here were performed at Harlan Laboratories Ltd. (Itingen, Switzerland), an AAALAC-accredited laboratory in accordance with the Swiss Animal Protection Law. This research project was approved by the Veterinary Agency of the Swiss Cantonal Authorities (authorization for animal experiments no. 411 (August 4th 2011)). Animals were collected with approval of the Swiss Cantonal Department of Construction and Nature Protection.

Study conduct
-------------

We collected 150 juvenile *R. temporaria* on 5 August 2011 from the nature protection area "Tal" between CH-4467 Rothenfluh and CH-4469 Anwil. The juveniles were kept in Macrolon containers (Type III H (area 820 cm^2^), UNO Roestvaststaal BV, Nederlands). At one side of the containers, an area of 30 × 3 cm was replaced by a mesh (mesh size: 1 mm) to increase ventilation within the containers. The containers were covered with a mesh lid (mesh size: 1.5 mm). The holding containers were filled with an approx. 3 cm layer of standard soil (Soil 2.3, LUFA Speyer, Germany) planted with barley seedlings (*Avena sativa*, sort: Eunovaa). Two pot shards (diameter: 5--7 cm) provided shelter and a petri-dish (diameter: 9 cm) filled with water was added. The containers were regularly watered with tap water from above. The juvenile frogs were fed with fruit flies *(Drosophila hydei)*, crickets *(Acheta domestica, Gryllus assimilis)* or white woodlouse *(Trichorhina trementosa)* obtained from commercial suppliers every two days. Frog density varied between eight to ten individuals in the holding phase.

For exposure and during the study conduct the animals were kept individually for a maximum of 7 days in Macrolon containers (Type II (area: 375 cm^2^), UNO Roestvaststaal BV, Netherlands) covered with a mesh for ventilation. The test containers were filled with a 2 cm layer of standardized soil (Soil 2.3, LUFA Speyer, Germany), without vegetation that was kept moist from below to avoid leaching of the tested pesticide products from the soil surface. The frogs were fed every two days with fruit flies (*Drosophila hydei*) and crickets (*Acheta domestica*). The test containers were kept in a climate chamber (temperature 20 ± 2°C, relative humidity 75 ± 15%, 16:8 hours day:night).

The bottom part of the containers was removable to apply only the soil substrate and not the entire container. During application, the test organisms were confined to the substrate within a wire cage (21 × 15 × 5 cm, mesh size 4 mm). The applications were conducted with a laboratory track sprayer (Schachtner Fahrzeug- and Gerätetechnik, Germany) using commercial flat fan nozzles (TeeJet 8001 EVS, Tee-Jet Spraying Systems Co., USA). This sprayer produces similar spray deposits as a commercial application with a tractor using a boom sprayer for arable fields regarding droplet size and density. The sprayer was calibrated for each application in order to reach a spray volume of 200 L/ha on the soil substrate taking the interception of the wire cage into account. Directly after application, the sprayed container bottom parts with the confined juvenile frogs were inserted in the test containers and the wire cages were removed.

Three rates (0.1×, 1× and 10× label rate) of seven pesticides were tested. Since in the field amphibians come into contact with formulations instead of pure active ingredients, we tested ready formulated products ([supplementary information, Table S1](#s1){ref-type="supplementary-material"}). The pyraclostrobin formulations Headline and BAS50018 F were provided by BASF SE (Crop Protection - Ecotoxicology, Limburgerhof, Germany). All other products were commercially available in Switzerland or Germany.

A maximum of five individuals were exposed per treatment. However, to minimize the number of test animals we used a step-wise approach: First, three juvenile frogs were exposed individually to the 0.1× field rate. If they did not show any treatment effects after 24 h, the remaining two individuals were also exposed. We used the same approach in all treatment rates for all pesticides. If the first three test organisms died, no further testing was conducted at this and at higher treatment rates. Accordingly, mortality at the higher treatment rates was assumed to also reach 100%. In parallel to each of the four consecutive spray application runs we used a control of 10 individuals treated with water only. Mortality was determined one, two and four hours after application and afterwards daily until the end of the study (day 7). Raw data are presented in [Table S2](#s1){ref-type="supplementary-material"} and [Figure S3](#s1){ref-type="supplementary-material"} ([supplementary information](#s1){ref-type="supplementary-material"}).
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